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Thalamocortical theta coherence in neurological patients at rest
and during a working memory task
Abstract
We simultaneously recorded the local field potential (LFP) in the thalamus and the
electroencephalogram (EEG) on the scalp of 5 patients suffering from neurogenic pain, epilepsy and
movement disorders. In an earlier study [], we have investigated the slowing of EEG and the high
thalamocortical coherence in the framework of thalamocortical dysrhythmia, the common underlying
pathophysiology. The current study focuses on the effects of different cognitive conditions. When
patients rested with eyes closed, a theta peak dominated the EEG spectra. The peak height was reduced
upon opening the eyes, reminiscent of the classical alpha blocking. This peak reduction also appeared in
the thalamic LFP recording. When patients activated their working memory by counting backwards, the
theta peak increased in scalp EEG or in the LFP recorded in thalamic nuclei VA/VL. The coherence
estimates between EEG and LFP ranged between 21% and 76% for different patients and cognitive
conditions (mean: 50%). The involvement of both cortex and thalamus in working memory and the high
thalamocortical coherence underline, in addition to cortico-cortical interactions, the importance of
thalamocortical modules in the generation of higher cognitive functions.
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We simultaneously recorded the local field potential (LFP) in the thalamus and the electroencephalogram (EEG) on the scalp of 5 patients
suffering from neurogenic pain, epilepsy and movement disorders. In an earlier study [Sarnthein, J., Morel, A., von Stein, A., Jeanmonod, D.,
2003. Thalamic theta field potentials and EEG: high thalamocortical coherence in patients with neurogenic pain, epilepsy and movement
disorders. Thalamus Related Syst. 2, 231–238], we have investigated the slowing of EEG and the high thalamocortical coherence in the
framework of thalamocortical dysrhythmia, the common underlying pathophysiology. The current study focuses on the effects of different
cognitive conditions. When patients rested with eyes closed, a theta peak dominated the EEG spectra. The peak height was reduced upon
opening the eyes, reminiscent of the classical alpha blocking. This peak reduction also appeared in the thalamic LFP recording. When
patients activated their working memory by counting backwards, the theta peak increased in scalp EEG or in the LFP recorded in thalamic
nuclei VA/VL. The coherence estimates between EEG and LFP ranged between 21% and 76% for different patients and cognitive conditions
(mean: 50%). The involvement of both cortex and thalamus in working memory and the high thalamocortical coherence underline, in
addition to cortico-cortical interactions, the importance of thalamocortical modules in the generation of higher cognitive functions.
D 2005 Elsevier B.V. All rights reserved.Keywords: Local field potential (LFP); Electroencephalogram (EEG); Thalamocortical dysrhythmia (TCD); Cognition; Alpha blocking; Bicoherence; Latency1. Introduction
Thalamic and cortical areas are densely and reciprocally
interconnected (Steriade et al., 1997; Jones, 2001) and
extensive studies by in vivo techniques, in anaesthetized
preparations and in awake animals have investigated the
functional roles of the thalamocortical system (Llina´s and
Jahnsen, 1982; Steriade, 2001). At the thalamic cellular
level, ionic channel properties are at the base of the
appearance of specific discharge patterns. In particular,
low-threshold calcium spike (LTS) bursts have been
described intracellularly in in vitro and in vivo experiments
and related to a state of membrane hyperpolarization (Llina´s
and Jahnsen, 1982; Steriade, 2001). At the network level,0167-8760/$ - see front matter D 2005 Elsevier B.V. All rights reserved.
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TDeceased on May 31, 2002.temporal and spatial patterns of activity in cortical and
thalamic areas demonstrate wide variability, suggesting that
the reverberating thalamocortical circuit supports a wide
range of dynamic interactions necessary for input analysis,
motor programming and cognitive functions (Llina´s and
Ribary, 1993; Steriade et al., 1997; Steriade, 2001; Alitto
and Usrey, 2003).
Based on the above physiological evidence as well as on
human thalamic unit recordings (Jeanmonod et al., 1996)
and magnetoencephalographic (MEG) measurements (Lli-
na´s et al., 1999), it was proposed that a single global
mechanism involving the thalamocortical reentry loop is
responsible for the generation of the five domains of
positive symptoms that clinically characterize the so-called
thalamocortical dysrhythmia (TCD) (Llina´s et al., 1999,
2001; Jeanmonod et al., 2001). These domains include
neurogenic pain and tinnitus, epilepsy, movement and
neuropsychiatric disorders. The present study focuses onhysiology 57 (2005) 87 – 96
Table 1
Patient data
Patient Age Neurological domain EEG site Surgical target LFP site EEG peak (ec), f [Hz] LFP peak (ec), f [Hz]
1 51 pain Pz CL CLpd 6.25 6.00
2 68 pain Fpz PTT VAd/RT 6.25 6.25
3 57 epilepsy F8-T4 CL CLp/LD 5.50 6.50
4 22 epilepsy C3 PTT VA/VLa 6.00 6.00
5 58 tremor C3 PTT VA/VLa 8.50 8.00
Surgical targets: CL, central lateral nucleus; PTT, pallido-thalamic tract. LFP recording sites in thalamic nuclei are CL central lateral nucleus, VA ventral
anterior nucleus, RT reticular thalamic nucleus, VL ventral lateral nucleus; a is for anterior, p posterior, d dorsal, v ventral. The EEG electrode position is
labeled according to the international 10/20 system. The theta peak frequencies are given for the eyes closed (ec) condition.
J. Sarnthein et al. / International Journal of Psychophysiology 57 (2005) 87–9688the theta activity in thalamus and cortex during cognitive
tasks and the coherence between the two. In the course of
surgical interventions we simultaneously measured EEG on
the scalp and local field potentials (LFP) in the thalamus of
patients suffering from neurogenic pain, epilepsy and
movement disorders. Patients were awake and were asked
either to rest with eyes open or eyes closed or to count
backwards to activate their working memory (WM). In a
previous publication (Sarnthein et al., 2003) we averaged
over cognitive conditions and found: (1) high power in the
theta frequency range of the EEG and thalamic LFP, (2)
high coherence between EEG and LFP most markedly in the
theta band and (3) a strong interaction between LFP theta
and beta frequency bands in the bicoherence.
The present study extends those results by analyzing the
cognitive conditions separately. Patients were selected from
the previous group along the following criteria: (1) theta
power in EEG or LFP was reduced upon opening the eyes
and (2) theta power increased during WM task in EEG or
LFP. These cognitive effects indicate, first, that the alpha
blocking expected from the EEG of healthy subjects with
eyes open (Berger, 1930) was shifted to theta frequencies in
our patients. We consider this shift to be a sign of the TCD
pathophysiology (Llina´s et al., 1999). Second, the theta
increase during WM activation occurred at the same
frequency as the pathological theta. Third, the effects of
cognitive condition on the LFP and the high thalamocortical
coherence support an involvement of thalamic nuclei in
memory functions which may also be extended to healthy
subjects.LFPEEG
a
nterior
Fig. 1. Recording sites. The electrode tract and the position of the LFP
recording site in central lateral thalamic nucleus (CL) are depicted on a
sagittal MRI section. The site of the scalp EEG electrode corresponds to Pz.2. Methods
2.1. Patients
We analyzed spontaneous brain activity from 5 male
patients suffering from chronic, severe neurological disor-
ders, all displaying resistance to classically recognized drug
treatments. Patients ranged between 22 and 68 years old.
The patient group included two patients diagnosed with
neurogenic pain, two patients with epilepsy and one with
parkinsonian rest tremor (Table 1). Surgical procedures
were described elsewhere (Jeanmonod et al., 2001). All
patients gave informed consent to the procedure. Localanesthesia was applied on the frame fixation points and the
penetration points. Three milligrams of the anxiolytic drug
Bromazepam\ was given 4–5 h before recording, which
did neither make patients drowsy nor significantly affect
their symptomatology at the moment of recording.
2.2. LFP and EEG recordings
To localize the therapeutic target, micro-electrode record-
ing was performed along the penetration in the thalamus.
The tungsten micro-electrode (FHC, Maine) had final taper
angle 10-–20- and tip diameter <1 Am. The epoxylite
insulation was removed by electrolysis along 20–50 Am and
the tip then plated with Au and Pt to obtain an impedance of
<100 kV at 1000 Hz. This micro-electrode was used to
record both LFP (Sarnthein et al., 2003) and single unit
activity (Jeanmonod et al., 1996; Magnin et al., 2000). At a
site approximately 8 cm below the scalp the LFP was
recorded with the uninsulated rim of the stainless steel
guiding cannula serving as electrical reference. Fig. 1 shows
the position of the cannula in central lateral nucleus (CL)
superposed on an MR image. The recording site was chosen
within the limits given by the surgical targets (CL and PTT,
Table 1) and verified in the course of the postoperative
reconstruction of the therapeutic lesion onto a stereotactic
atlas of the human thalamus (Morel et al., 1997). In
particular, the sites were chosen in associative and motor
nuclei (ventral anterior/ventral lateral nuclei, VA/VL) and
the posterior part of the non-specific nucleus CL. The EEG
J. Sarnthein et al. / International Journal of Psychophysiology 57 (2005) 87–96 89was recorded from the scalp with a gold plated electrode
against the ipsilateral ear lobe in all patients except patient
3, where EEG was recorded from bipolar electrodes F8-T4.
The electrode position was chosen according to anatomical
knowledge of the three neurological domains: frontal and
parietal medial for pain (Fpz, Pz); rolandic or temporal
according to seizure types in epilepsy (C3, F8-T4); rolandic
for movement disorders (C3). LFP and EEG signals were
fed into two channels of an amplifier (DCBAS, V. Corti,
Zurich; bandpass 3–300 Hz, 20 dB/decade) and digitized at
1024 Hz. Online EEG power monitoring ensured that
patients were awake during the recording session. Data
epochs with eye or body movement artifacts were visually
identified and discarded. Data analysis was performed in the
Matlab (MathWorks, Natick, MA) environment, with
custom programming on the basis of standardized mathe-
matical and signal analysis functions (signal processing
toolbox, higher order spectral analysis toolbox).
2.3. Power spectral density
The power spectra Pxx and Pyy of LFP and EEG signals
were calculated by Fourier Transform of non-overlapping 1
s epochs (Hanning window, FFT length 4 s) and presented
as power spectral density. Spectral peaks were determined
and the peak position classified with respect to the
frequency bands: theta (u 4–9 Hz); alpha (a 9–13 Hz);
beta (h 13–30 Hz).
2.4. Coherence
Coherence Kxy for two signals, x and y, is equal to the
average cross power spectrum Pxy normalized by the
averaged power spectra of the signals: Kxy = |Pxy |
2 /
(PxxPyy). In the data presented here Kxy >10% corresponds
to non-zero coherence at 95% confidence. Coherence
measures the strength of the linear relationship between
two signals at every frequency f. Its value lies between 0
and 100% and it estimates the degree to which phases at
the frequency of interest are dispersed. Kxy =0 means
phases are randomly dispersed among all epochs.
Kxy =100% means phases of signals x and y are identical
in all epochs, i.e. the two signals are totally phase-locked
at this frequency.
2.5. Latency
The latency Lxy between LFP and EEG signals was
calculated from the phase difference u which is contained in
the cross power spectrum Pxy. Rather than choosing a
particular frequency at which u is transformed into a time
delay u/f, we calculated the latency from the slope of the
phase spectrum du/df. We chose a range of frequency points
in the theta range, fitted a straight regression line and
calculated the latency according to Lxy =du/df/2P. Since
phase values are only meaningful when coherence issignificant, those corresponding to a coherence not signifi-
cantly different from zero ( p <0.05) were ignored in
determining the regression line. The 95% confidence limits
for the delay were taken from the confidence limits of the
slope. A positive sign indicates that cortical EEG leads over
thalamic LFP in the information transfer.
The analysis of latency is motivated by the assumption
that information flow within thalamocortical modules is
mediated by propagating wave packets. In the description
of wave propagation, the choice of a single frequency and
phase value corresponds to the concept of phase speed;
the choice of a range of frequencies and of the slope of
the phase spectrum corresponds to the concept of group
speed (Gotman, 1983). When transforming phase measure-
ments into latency, ambiguity arises because 360- can
always be added or subtracted from a phase value: a lead
of +36- is also a lag of 324-. At 10 Hz this phase
difference could be interpreted as a lead of 10 ms as well
as a lag of 90 ms, which add up to the wave period of
100 ms. However, when using the slope of the phase over
several frequencies, ambiguity becomes less likely. For
example, the slope between two phase values at 10 Hz
(36-) and 12 Hz (43.2-) corresponds to a lead of 10 ms;
subtracting 360- from only one phase value leads to a lag
of 490 ms where the period 500 ms comes from the
difference between the two frequencies (2 Hz). In our
calculation we chose a range of frequencies usually
separated only by the resolution of the spectrum (0.25
Hz), making the latencies essentially unambiguous. In
physical terms, the latency Lxy describes the time needed
for wave packets to propagate between the two recording
sites at group speed.
2.6. Bicoherence
To learn about second order phase coupling between the
LFP at different frequencies we computed the bicoherence
B( f1, f2)=<X( f1)X( f2)X*( f1+ f2)> with X( f1) the Fourier
transform of the LFP signal x at frequency f1 (Bullock et al.,
1997; Schanze and Eckhorn, 1997). Because it is an
amplitude-independent measure, bicoherence provides addi-
tional information regarding the state of the brain beyond
the amplitude information obtainable from the power
spectrum.
2.7. Cognitive conditions
Patients were awake and cooperative during surgery.
When the recording electrode was in place, patients were
asked to stay in one of the three cognitive conditions for
one minute each: eyes closed (ec), eyes open (eo), and
backward counting with eyes open (eobc). We consider ec
and eo as two different states implying different cognitive
conditions (relaxation or alertness) with respect to the
processing of visual input. In the condition eobc patients
counted backwards from 271 in steps of 3 without
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minute which allowed to assess their cooperativity. This
task is sufficiently simple to be performed during surgery.
Even though cognitive function is not precisely defined
and controlled in this task, we assume an engagement of
working memory (WM).5 10 15 20
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Fig. 2. Patient 1, spectral analysis of EEG and LFP recorded while the
patient was resting with eyes closed (ec: blue) or eyes open (eo: red). (A)
Power spectral density of EEG recorded at electrode site Pz. The most
prominent feature was a peak at 6 Hz. Even though the peak frequency was
in the theta range, opening the eyes reduced peak height, reminiscent of an
alpha blocking. (B) Power spectral density of LFP recorded in thalamic
nucleus CL. The 6-Hz peak was also prominent, again reduced upon eye
opening. (C) The coherence estimate between EEG and LFP recording
reached 76% in the eo condition. (D) Phase lag u between EEG and LFP
recording. The slope du/df in the ec and eo conditions indicates a stable
lead of EEG over LFP in the theta and alpha frequency range. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)3. Results
3.1. Theta dominance in power and coherence spectra
The EEG of the patients in all cognitive conditions
differed from that of healthy subjects (Nunez et al., 2001)
in that the dominant peak was shifted down to the theta
range. EEG peak frequencies in the ec condition are given
in Table 1. The LFP spectra showed a strong theta peak
but they differed from EEG spectra at higher frequencies.
The estimated coherence between EEG and LFP were also
dominated by theta, peak values varied between 21% and
76% with a mean of 50%. Only in patient 3 were theta and
alpha coherences of comparable height. The variability of
coherence values between subjects and its marked fre-
quency dependence speak against volume conduction
between LFP and EEG signals as the cause for coherence
but rather for a functional cause. We focused our analysis
on the theta band where the highest power and coherence
peaks were found.
3.2. Eyes opening effect
The dominant peak of the EEG spectrum was reduced
in height when patients 1, 3, 4, 5 opened their eyes (e.g.
Fig. 2). Reminiscent of the classical alpha blocking in
healthy subjects (Nunez et al., 2001), the effect appeared
at all electrode locations except Fpz (patient 2, Fig. 3).
In the LFP the theta peak recorded in VA/VL was
reduced upon eye opening (patients 2, 4, 5; Figs. 3, 5
and 6)). In patient 1 the same effect occurred in the LFP
recorded in CL (Fig. 2), although it was not observed in
patient 3. A slight decrease of theta coherence was
visible in patients 2, 3 and 4 in eo conditions but not in
patients 1 and 5.
The theta latency between EEG and LFP showed a
cortical lead in patients 1, 2 and 4, whereas the sign of
latency changed upon eye opening in patients 3 and 5. In
patients 1 and 4 the latency remained remarkably constant
over the eo and ec conditions. The uniform slope of the
phase in patient 1 spanning theta and alpha band suggests
a similarity between theta and alpha processes. In patient 2
(Fig. 3) the value of latency changed strongly: In the ec
condition, EEG lead over LFP with a latency of 3 ms,
whereas the lead was increased to more than 30 ms in eo
conditions. In comparison with the effects on power
spectra, thalamocortical latency was strongly affected by
eye opening.
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Fig. 4. Patient 3, spectral analysis of EEG and LFP recorded while the
patient was resting or counting backward with eyes open (eo: red, eobc:
green) or eyes closed (ec: blue). (A) Power spectral density of EEG
recorded at electrode site F8–F4. The most prominent feature was a peak at
5 Hz. Peak height decreased progressively with successive conditions eobc,
ec, eo. (B) Power spectral density of LFP recorded in thalamic nucleus CL.
The 6-Hz peak was broader than in EEG and showed an unusual pattern of
task-related variations. (C) Peak coherence between EEG and LFP occurred
at 6 Hz and 12 Hz. (D) Phase lag u between EEG and LFP recording. Sign
and value of latency vary strongly between cognitive conditions. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Patient 2, spectral analysis of EEG and LFP recorded while the
patient was resting or counting backward with eyes open (eo: red, eobc:
green) or eyes closed (ec: blue). (A) Power spectral density of EEG
recorded at electrode site Fpz. The most prominent feature was a peak at 6
Hz. The frontal electrode location might explain the absence of an eo–ec
difference. (B) Power spectral density of LFP recorded in thalamic nuclei
VA/VL. The 6-Hz peak was also prominent and decreased progressively
with successive conditions eobc, ec, eo. (C) Coherence between EEG and
LFP recording. The highest coherence occurred at the 6-Hz peak. (D) Phase
lag u between EEG and LFP recording. The slope du/df indicates a cortical
lead of 3 ms for the ec condition and more than 30 ms for the eo and eobc
conditions. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 5. Patient 4, spectral analysis of EEG and LFP recorded while the
patient was resting with eyes closed (ec: blue) or eyes open (eo: red). (A)
Power spectral density of EEG recorded at electrode site C3. The most
prominent feature was a peak at 6 Hz. Even though the peak frequency was
in the theta range, opening the eyes reduced peak height, reminiscent of an
alpha blocking. (B) Power spectral density of LFP recorded in thalamic
nuclei VA/VL. The 6-Hz peak was prominent and was reduced upon eye
opening. (C) Coherence between EEG and LFP recording. (D) Phase lag u
between EEG and LFP recording, in both cases EEG lead over LFP. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 6. Patient 5, spectral analysis of EEG and LFP recorded while the
patient was resting or counting backward with eyes open (eo: red, eobc:
green) or eyes closed (ec: blue). (A) Power spectral density of EEG
recorded at electrode site C3. The peak at 8 Hz was reduced in the eo
conditions. (B) Power spectral density of LFP recorded in thalamic nuclei
VA/VL. The height of the 8-Hz peak decreased progressively with
successive conditions eobc, ec, eo. (C) Maximum coherence between
EEG and LFP recording occurred at 8 Hz. (D) Phase lag u between EEG
and LFP recording. Sign and value of latency vary strongly between
cognitive conditions. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Three of the five patients (2, 3, 5) carried out the
backward counting task during surgery (Figs. 3, 4, 6). In
the EEG the task increased the height of the theta peak
in all patients indicating their active participation (Gevins
et al., 1997). That the increase was small in patient 2
may be due to his advanced age (McEvoy et al., 2001).
While theta LFP power decreased in patient 3, an
enhanced LFP theta peak appeared in patients 2 and 5
during backward counting. Theta coherence was lower in
patient 2 and was higher in patients 3 and 5 in the eobc
condition compared to the eo condition, suggesting a-5-4-3-2-1
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Fig. 7. Thalamic LFP bicoherence patterns averaged over the group of
patients, logarithmic scale. (A) During the ec resting condition, phase
coupling was evident within theta bands (u, u) and beta bands (h, h). (B, C)
During the eo and eobc conditions, additional phase coupling appeared
between theta and beta frequency bands (u, h).stronger thalamocortical interaction in these latter two
patients induced by the task.
3.4. Bicoherence
Within the thalamic LFP we observed coupling between
the generators of different frequencies (Fig. 7). This was
evident in the quadratic phase coupling as estimated by
bicoherence when bicoherence maps were averaged over all
five patients. During all cognitive conditions we found a
broad bicoherence in the theta (u, u) and beta (h, h) bands,
indicating phase correlations of oscillatory events within
these frequency ranges. During the eyes open conditions (eo
and eobc) additional (u, h) peaks appeared. This indicates
that phase coupling occurred also between theta and beta
frequencies, a sign for the interaction between the generators
of theta and beta oscillations. This means that theta and beta
waves occurred at a constant phase relationship as do
overtones of a fundamental frequency.4. Discussion
4.1. Thalamocortical dysrhythmia
A common pathophysiology for sensory, motor and
limbic positive symptoms was first evidenced in the
thalamus with single unit recordings (Jeanmonod et al.,
1996) and extended to the cortical level by MEG recordings
(Llina´s et al., 1999). On these bases the concept of
thalamocortical dysrhythmia (TCD) was introduced (Llina´s
et al., 1999). As an anatomical basis, a thalamocortical
module is sketched in Fig. 8. The specific pathway to
cortical layer IV activates the apical dendrites of layer V and
VI cortical neurons. The non-specific pathway projects onto
the apical dendrite of layer V neurons in superficial cortical
layers. In both pathways thalamoreticular and thalamocort-
ical collaterals project onto inhibitory cells (grey). Cortico-
thalamic fibers to reticular and thalamic nuclei close the
thalamocortical loop. In pathological cases the thalamocort-
ical rhythmicity is disturbed (Llina´s et al., 1999). The TCD
is evidenced on a cellular level in the thalamus (Jeanmonod
et al., 2001; Llina´s et al., 2001) and spreads via tightly
bound thalamocortical loops to become visible in MEG and
EEG (Llina´s et al., 1999; Sarnthein et al., 2003).
4.2. Theta dominance in resting EEG
The most obvious characteristic in the EEG spectra of
all patients was the presence of a dominant theta peak in
the scalp EEG recordings (Table 1), in line with the
previous publications (Llina´s et al., 1999; Sarnthein et al.,
2003). The alpha peak commonly found in healthy
subjects (Berger, 1930) was reduced or not present. The
peak frequencies in the patients were below the slowed
EEG peak frequency expected from normal aging (Nie-
VA/VL(specific
nuclei)
CL(non-specific
nucleus)
I
IV
V
VI
RT
TH
Fig. 8. Schema of thalamocortical circuitry (adapted from Llina´s et al., 1999
and Jones, 2001). Shown is a thalamocortical module including cortical
layers (I, IV, V, VI), nucleus reticularis (RT) and the thalamus (TH), divided
in specific nuclei (e.g. VA/VL) and non-specific nuclei (e.g. CL). Grey cells
are inhibitory. For details see text. The top electrode records EEG, the
micro-electrode records single units and LFP.
J. Sarnthein et al. / International Journal of Psychophysiology 57 (2005) 87–9694dermeyer and Lopes da Silva, 1987; McEvoy et al., 2001).
A similar slowing of scalp EEG and MEG has been reported
in patients with Parkinson’s disease (Soikkeli et al., 1991),
neurogenic pain (Gu¨cer et al., 1978), psychiatric disorders
(Jeanmonod et al., 2003) and during interictal phases of
epilepsy (Clemens et al., 2000; Silen et al., 2000;
Raghavachari et al., 2001). Note that increased low-
frequency oscillations also occur during sleep (Steriade,
2001) and cognitive tasks (Klimesch, 1999; Kahana et al.,
2001), where they are considered as normal. It is the long-
lasting and widespread overproduction of slow rhythms in
the awake brain that characterizes TCD.
Why does the dominant EEG peak appear in the theta
range? The similarity of peak frequencies in EEG and LFP
(Table 1) and the high thalamocortical coherence suggest
that the thalamocortical interaction has a major influence on
EEG rhythmicity. While we assume that cortical determi-
nants like axonal transmission latencies (Nunez et al., 2001)
are not affected by the neurological disorders of the patients,
the local overproduction of LTS bursts by thalamic cells
constitutes the hallmark of the underlying pathophysiology
(Jeanmonod et al., 1996). The LTS exert a low-frequency
influence on the thalamocortical system which results in
slowed oscillations of the averaged potentials measured by
LFP and scalp EEG.
4.3. Theta blocking
The dominant peak of the EEG spectrum was reduced
(‘‘blocked’’) in four patients when opening their eyes andthus displayed a well-established characteristic of the
classical alpha rhythm (Berger, 1930; Pfurtscheller et al.,
1996; Nunez et al., 2001), even though the peak
frequency was in the theta range. This finding is
corroborated by a current EEG-study on a larger group
of patients. Also in all patients except patient 3 the
dominant peak of the LFP spectrum was reduced when
opening their eyes. Similarly, in an epileptic patient the
thalamic theta LFP was reduced during a semantic recall
task (Slotnick et al., 2002). The recording of blocking in
the motor thalamus (VA/VL) in patients 2, 4 and 5 might
be due to disease related plasticity (Jetzer and Jeanmonod,
in press) or due to a widespread network generating the
alpha rhythm in healthy subjects (Andersen and Ander-
sson, 1968; Schu¨rmann et al., 2000).
4.4. Thalamocortical interactions
Scalp EEG and thalamic LFP, the two signals presented
in this study, are generated by neural networks of drastically
different scales. The scalp EEG is generated by dipole-like
dendrites of cortical pyramidal cells arranged in parallel and
space averaged over 50 cm2 or more. In the thalamus
ellipsoid dendritic arbors of thalamocortical cells generate a
‘‘closed field’’ in the sense that there is no aligned structure
of dipoles like in the cortex. For the LFP recorded from our
electrode we assume a contribution of cells in a cube of side
length 100 Am which corresponds to a sample of less than 5
cells. Since multi-electrode LFP recordings in the thalamus
show extremely high correlation between distant sites
(Contreras et al., 1996), even a small sample of cells may
be representative for thalamic LFP activity.
Thalamocortical coherence estimates were of similar
magnitude as those reported between EEG electrodes at 10
cm distance (Nunez et al., 2001) but much larger than in
subdural recordings (Bullock et al., 1995). This suggests that
the spatial averaging, which is at the basis of EEG, may
extract those components of cortical activity which are
synchronized via widespread thalamocortical modules whose
thalamic focal activity is reflected in the LFP recording. In
this way the high thalamocortical coherence found in our
study indicates that it is valid to compare small-scale LFP in
the thalamus with large-scale EEG recorded from the scalp.
The strength of the thalamocortical coupling leads us to
consider thalamocortical modules as functional units in
brain function. In these modules, coherence remained
relatively constant during different cognitive conditions.
Also in all conditions the range of phase points remained
constant where a latency between LFP and EEG could be
estimated, suggesting a continuous information transfer
between thalamus and cortex. Since high thalamocortical
correlation is also observed in healthy brains. (Lopes da
Silva et al., 1973; Schu¨rmann et al., 2000) it can be assumed
that the concept of thalamocortical modules (Llina´s et al.,
1999; Destexhe, 2000; Robinson, 2003) is also valid in
healthy subjects. Nevertheless, the differences between LFP
J. Sarnthein et al. / International Journal of Psychophysiology 57 (2005) 87–96 95and EEG spectra underline that EEG is not simply driven by
the thalamus but depends also on cortical influences. Within
a thalamocortical module the dynamics can vary. For
example, the (u, h) LFP bicoherence was enhanced upon
opening the eyes and in patients 2, 3, 5 the latency between
EEG and LFP changed drastically upon opening the eyes
which indicates a clear-cut change in the dynamics of the
system (Bullock et al., 1997).
4.5. Theta induced by working memory
The backward counting task of the eobc condition
involves–among other functions–also the working memory
(WM) system to keep digits in mind for subtraction. Our
finding of task-induced theta EEG activity is thus well in line
with a series of WM experiments on healthy subjects (Gevins
et al., 1997; Klimesch, 1999; Kahana et al., 2001; McEvoy
et al., 2001; Jensen et al., 2002; Jensen and Tesche, 2002;
Bastiaansen and Hagoort, 2003). These studies distinguish
between the posterior alpha peak around 10 Hz that can be
blocked and the frontal theta peak around 6 Hz induced by
WM. In our patients, these two effects coincide on one peak
frequency. This coincidence has also been observed in the
intracranial EEG of epileptic patients that shows a dominant
theta peak at rest which increases in height during a WM task
(Raghavachari et al., 2001). The alpha increase during WM
(Jensen et al., 2002) and other memory processes (Klimesch,
1999) show that also in healthy subjects theta and alpha
processes may be closely interrelated.
In thalamic nuclei VA/VL the WM activation induced a
theta power increase in patients 2 and 5 (Figs. 3 and 6). This
is plausible in view of the high thalamocortical coherence
and the existence of direct reciprocal connections of VA to
prefrontal cortex (Barbas et al., 1991), the important role of
which for WM is well established (Goldman-Rakic, 1995).
Prefrontal cortex and VA can thus be viewed as thalamo-
cortical partners relevant for WM processing. We expect the
thalamocortical interplay and the cortico-cortical interac-
tions in WM tasks (Sarnthein et al., 1998; von Stein and
Sarnthein, 2000; Weiss et al., 2000; Varela et al., 2001;
Schack et al., 2002; Sauseng et al., 2004) to be interde-
pendent. A detailed investigation of their coupling remains a
subject of further research.
4.6. Conclusions
The high thalamocortical theta coherence and the
corresponding latency estimates underline the conceptual
importance of thalamocortical modules. We have illustrated
how these modules were involved in theta blocking and
WM processing. Furthermore, both thalamic nuclei CL and
VA/VL showed signs of theta blocking, indicating that large
areas of the thalamus are affected by the general state of
attention. That WM processing affected thalamic nucleus
VA supports the view that specific thalamic nuclei and
related cortical areas are coupled via thalamocorticalmodules and are engaged in the thalamocortical interplay
needed for higher cognitive functions.Acknowledgements
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